Tiezzi et al. |/ Analysis of the Metal-ATP Interaction

research, but we should emphasize that they are in no way
responsible for its deficiencies either in the experiments or our
interpretation of the results, We also appreciate the myxo-
bacter 495 culture supplied by Dr. Hunkapiller, from which
the auxotroph was derived.

References and Notes

(1) Supported by the Public Health Service, Research Grant No. GM-11072,
from the Division of General Medical Sciences, and by the National Science
Foundation.

(2) Presented in part at the La Jolla Symposium on Biological Applications of
NMR Spectroscopy at the University of California, San Diego, Calif., Feb-
ruary 16-17, 1978.

(3) Matthews, B. W.; Sigler, P. B.; Henderson, R.; Blow, D. M. Nature (London)
1967, 214, 652-656.

(4) Sigler, P. B.; Blow, D. M.; Matthews, B. W.; Henderson, R. J. Mol. Biol. 1968,

35, 143-164.

(5) Blow, D. M.; Birktoft, J. J.; Hartley, B. S. Nature (London) 1969, 221,
337-340.

(6) Sgoud, R. M.; Kay, L. M.; Dickerson, R. E. J. Mol. Biol. 1974, 83, 185~
208.

(7) Watson, H. C.; Shotton, D. M,; Cox, J. M.; Muirhead, H. Nature (London)
1970, 225, 806-811.
(8) Shotton, D. M.; Watson, H. C. Nature (London) 1870, 225, 811-816,
(9) Delbaere, L. T.J.; Hutcheon, W. L. B.; James, M. N. G.; and Thiessen, W.
E. Nature (London) 1975, 257, 758-763.
(10) James, M. N. G., University of Alberta, private communication.
(11) Alden, R. A.; Wright, C. S.; Kraut, J. Philos. Trans. R. Soc. London, Ser. B
1970, 257, 119-124.
(12) Drenth, J.; Hol, W. G. J.; Jansonius, J. N.; Koekoek, R. Eur. J. Biochem.
1972, 26, 177-181.
(13) See Bender, M. L.; and Kilheffer, J. V. Crit. Rev. Biochem. 1973, 1
149-199, and references therein.
(14) Ong, E. B.; Shaw, E.; Schoellman, G. J. Am. Chem. Soc. 1964, 86,
1271-1272.
(16) Hunkapiller; M. W.; Smallcombe, S. H.; Whitaker, D. R.; Richards, J. H.
Biochemistry 1973, 12, 4732-4743,
Throughout this paper, we number the imidazole ring so that the point of
attachment in histidine is at C4, without regard for the location of the NH
proton. To allay confusion among biochemists, the unsystematic convention
ofI designating the histidine N1 as 7 and N3 as 7 frequently is employed
also.
(17) Bruice, T. C. Ann. Rev. Biochem. 1976, 45, 331-373. See also Rogers,
G. A.; Bruice, T. C. J. Am. Chem. Soc. 1974, 96, 2473-2481.
(18) Koeppe, R. E., II; Stroud, R. M. Biochemistry 1976, 15, 3450-3458.
(19) Komiyama, M.; Bender, M. L.; Utaka, M.; Takeda, A. Proc. Natl. Acad. Sci.
U.S.A. 1977, 74, 2634-2638.
(20) Scheiner, S.; Kleier, D. A_; Lipscomb, W. N. Proc. Natl. Acad. Sci. U.S.A.

(16

8047
1975, 72, 2606-2610; Scheiner, S.; Lipscomb, W. N. ibid. 1976, 73,
432-436.
(21) Egan, W.; Shindo, H.; Cohen, J. 8. Annu. Rev. Biophys. Bioeng. 1977, 6,
383-417.
(22) Robillard, G.; Shulman, R. G. J. Mo/, Biol. 1974, 86, 519-540, 541~
558.

(23) Markley, J. L.; Porubcan, M. A. J. Mol. Biol. 1976, 102, 487-509. See also
Markley, J. L. Acc. Chem. Res. 1975, 8, 70-80.

(24) Blomberg, F.; Maurer, W.; Riterjans, H. J. Am. Chem. Soc. 1977, 99,
8149-8159.

(25) Witanowski, M.; Stefaniak, L.; Januszewski, H.; Grabowski, Z.; and Webb,
G. A. Tetrahedron 1972, 637-653.

(26) Gust, D.; Moon, R. B.; and Roberts, J. D. Proc. Natl. Acad. Sci. U.S.A. 1975,
4696-4700.

(27) Whitaker, D. R. Methods Enzymol. 1970, 19, 599-613.

(28) Unpublished work by W. W, Bachovchin and I. Schuster.

(29) See, for example, Pearson, H.; Gust, D.; Armitage, |. M.; Huber, H.; Roberts,
J.D.; Stark, R. E,; Vold, R. D.; Vold, R. L. Proc. Natl. Acad. Sci. U.S.A. 1975,
72, 1599-1601.

(30) Chambers, J. L.; Christoph, G. G.; Krieger, M.; Kay, L.; Stroud, R. M. Bio-
chem. Biophys. Res. Commun. 1974, 59, 70-74.

(31) Duthaler, R. O.; Williamson, K. L.; Giannini, D. D.; Bearden, W. H., Roberts,
J.D. J. Am. Chem. Soc. 1977, 99, 8406-8412.

(32) Unpublished research by I. Schuster.

(33) Reynolds, W. F.; Peat, I. R.; Freedman, M. H,; Lyerla, J. R., Jr. J. Am. Chemn.
Soc. 1973, 95, 328-331.

(34) Deslauriers, R.; McGregor, W. H.; Sarantakis, D.; Smith, |. C. P. Biochemistry
1974, 13, 3443-3448.

(35) Wilbur, D. J.; Allerhand, A. J. Biol. Chem. 1977, 252, 4968-4975.

(36) Unpublished research by R. O. Duthaler.

(37) Matthews, D. A,; Alden, R. A.; Birkoft, J. J.; Freer, S. T.; Kraut, J. J. Biol.
Chem, 1977, 252, 8875-8883.

(38) Sweet, R. M.; Wright, H. T.: Janin, J.; Chothia, C. H.; Blow, D. M. Bio-
chemistry 1974, 13, 4212-4228; Blow, D. M. Acc. Chem. Res. 19786, 9,
145-152,

(39) Huber, R.; Bode, W. Acc. Chem. Res. 1978, 11, 114-122.

(40) Cox, J. D.; Pilcher, G. *'Thermochemistry of Organic and Organometallic
Compounds'’; Academic Press: New York, 1970; 200, 224, 280, 304.

(41) Roberts, J. D.; Caserio, M. C. “"Basic Principles of Organic Chemistry",
2nd ed.; W. A. Benjamin: Menlo Park, Calif., 1977; 77.

(42) Lathan, W. A.; Radom, L.; Hehre, W. J.; Pople, J. A. J. Am. Chem. Soc.
1973, 95, 699-703.

(43) Bender, M. L.; Kézdy, F. J. "Proton Transfer Reactions’"; Caldin, E.; Gold,
V., Eds.; Wiley: New York, 1975; 385-407.

(44) See Deslongchamps, P. Tetrahedron 1975, 31, 2463-2490, for an ex-
tensive discussion of the role of conformations in the cleavage of tetra-
hedral intermediates in the hydrolysis of esters and amides.

(45) Lindemann, R.; Zundel, G., preprint published as an Appendix to an article
by Zundel, G. in *'The Hydrogen Bond, Recent Developments in Theory and
Experiments”’, Schuster, P.; Zunde, G.; Sandofy, C., Eds.; North Holland
Publishing Co.: Amsterdam, 1976; Vol. Il, pp 683-766.

(46) Hunkapiller, M. W.; Forgac, M. D.; and Richards, J. H. Biochemistry 1976,
15, 5581-5588.

EPR and NMR Combined Analysis of the Metal-ATP

Interaction
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Abstract: The Mn(I1)-ATP system has been investigated at the light of new electron spin relaxation findings. A dynamic
model, taking into account a distribution of correlation times, is suggested. Namely transverse and longitudinal nuclear relaxa-
tion times are analyzed in connection with new values of the electron spin relaxation time. A reinvestigation of NMR and EPR
results is tempted as a consequence of the new model. The combined NMR and EPR analysis allows an unambiguous interpre-
tation of nuclear paramagnetic relaxation rates and points out the direct involvement of N(7) in the metal binding.

The metal ion-ATP interaction has been the subject of
extensive research,!-® due to its relevance in several enzymatic
reactions which require nucleoside triphosphate as activa-
tor.

Among the various metal ions, Mn(II) has been the most
investigated onc sinee Mg(ll) = Mn(H) isomorphous re
placement is possible and the Mn(II)-ATP complex has its
own biological activity.”

0002-7863/78,/1500-8047$01.00/0

Nuclear magnetic resonance,? 89 temperature jump,'® and
electron spin resonance!!~ 13 have been used to elucidate the
nature of the interaction both from the structural and the dy-
namic points of view.

A backbound phosphate-metal ion ring complex has been
confirmed by several authors®#:? as the actual substrate for
the enzyme. Nevertheless, it is controversial whether the metal
ion is water-bridged to N(7) or directly bonded to it,
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Figure 1. Experimental EPR line width of manganous ion vs. temperature:
the dotted curves refer to free hexaaquometal ion; the solid lines refer to
[Mn2*] = [ATP] = 5 X 1073 M aqueous solution.

As is known, there is a close relation between electron and
nuclear magnetic relaxation, because the electron spin relax-
ation time may act as the effective correlation time 7, in the
paramagnetic contribution to nuclear relaxation. Nevertheless,
in many cases, electron spin relaxation time has been used
without a comprehensive analysis of the EPR spectra and this
may result in erroneous interpretations.

On the other hand, recent studies'4!3 on electron spin re-
laxation of Mn(II) in aqueous solution provided a deeper in-
sight on the dynamics around the metal ion. The aim of this
paper is to extend such EPR theory to the Mn(I1)-ATP sys-
tem, suggesting a new dynamic model which accounts for
nuclear relaxation rates analysis for both the ligand and the
solvent molecules.

The inspection of such a system by means of three inde-
pendent checks (that is to say, EPR of the metal environment,
13C and '"H NMR of the ATP molecule, and water-proton
relaxation rates) also allows a suitable reinvestigation of the
previous results,

Experimental Section

Mn(ClO4),6H,0 (Alpha Inorganics) was used in order to mini-
mize anionic complexation. 5-ATP and D,0 99.75% were Merck
reagent grade and were used without further purification. pH was
measured by means of a Metroohm Model E-388 potentiometer.

NMR spectra were recorded with a Bruker WH-90 FT-NMR
spectrometer operating at 22.63 MHz for '3C and 90 MHz for 'H.
Temperature was varied by means of the Bruker temperature control
unit. Transverse relaxation times were measured from half-height line
widths assuming Lorentzian line shape, whereas longitudinal relax-
ation times were evaluated from partially relaxed proton spectra using
(180-7-90~¢), pulse sequences. Care was devoted to the choice of
pulse duration.

EPR spectra at both X band and Q band were registered with a
Varian V4502 spectrometer.

Temperature was controlled with a conventional variable temper-
ature assembly. All solutions were 5 X 10~3 M in order to avoid the
effect of spin-spin interactions on the line shape. The line width pa-
rameter was evaluated as the peak-to-peak distance of the first de-
rivative spectrum, measuring the width of the fourth hyperfine line
from the low-field side. When appreciable overlapping of the hyperfine
components was present, comparison with computer-simulated spectra
was made.
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The Dynamic Model. The rotational model, rather than the
fluctuational one, has been taken into account in order to explain the
frequency dependence of electron spin relaxation in a solution of
Mn(11).'2.15 The model shows the EPR line width from rotational
modulation of the inner product of the quadratic zero field splitting
(ZFS) tensor and allows for the existence of a distribution of line
widths as a consequence of slow configurational changes of the ionic
environment. In fact, typical ZFS values and lifetimes 7 are obtained
for each configuration (including both the first and the second sol-
vation spheres). If the rate of configurational changes 7! is slow with
respect to the electron spin relaxation rate (757!), each ZFS site re-
laxes as if it was isolated from all others and the resulting spectrum
will be the summation of a distribution of spectra. Since 7y is the mean
time for jumps of solvent molecules between the various configura-
tional states, a typical temperature dependence is expected, which
must be reflected in the temperature dependence of the electron spin
relaxation.

Whenever this situation occurs, a single value of 75 cannot be as-
sumed and nuclear relaxation rates analysis is not possible in a
straightforward way because a distribution of ¢ values must be taken
into account. Furthermore, the fitting of temperature dependent ex-
perimental nuclear relaxation times, which is usually carried out37.9:!!
in terms of the theoretical temperature dependence of fluctuational
correlation time 7,, must be reviewed at the light of the rotational
model, because different or even adverse slopes may occur.

Since 7, is an effective correlation time for scalar interaction, its
value affects paramagnetic contributions to nuclear relaxation rates.
Namely when wyrg 3> |, scalar contribution to the paramagnetic
longitudinal relaxation rate (7,,") is negligible whereas it is the
dominant one for paramagnetic line width (75571).

On the other hand, whenever wyrs << | an equal scalar contribution
is appearing both to 7,7 ! and T5,™". All the above statements apply
in the fast exchange limit when the lifetime of a nucleus in the metal
coordination sphere is short with respect to the relaxation time.

Thus if the 74 distribution allows a predominance of very short 7
values, it may happen that a valuable scalar contribution to Ty~ ! is
appearing. Moreover, the simultaneous lengthening of rotational
correlation times due to complex species with large molecules may
give rise to an effective competition between 7, and 7, in determining
the dipolar interaction.

Results and Discussion

The following EPR results of the Mn(11)-ATP complex fit
the above model: (i) the frequency dependence of the spectra
which points out the rotational relaxation mechanism;!2 (ii)
the appearance of low-field wings which indicate a distribution
of crystal field sites;!2-14 and (iii) the existence of second-order
effects on the linewidth which result in typical “inverted”
spectra,!213

A further check of the applicability of the dynamic model
in the case of the Mn(I1)-ATP system is possible from the
temperature dependence of the EPR line width.

Figure 1 shows a noticeable difference between the hexa-
aquomanganese(11) ion and the Mn-ATP system since the line
width of the complex displays a smoother decay at X band and
even an increase at Q band. As 7 is expected to be temperature
dependent, that is the jump frequency increases when the
temperature is raised, the consequent line broadening will
oppose itself to the normal narrowing and a resultant line
broadening might be expected at higher temperature.

As a consequence of these statements a more suitable picture
of the dynamic situation of the Mn(I11)-ATP system in solution
is possible by means of the above model: the metal ion expe-
riences a distribution of crystal-field sites which results in a
distribution of 7, values.

Despite such EPR interpretation, the nuclear correlation
times evaluation has usually been carried out by means of
single valued ZFS 3911

Also the existence of outer sphere species has never been
taken into account in spite of their relevance in the Mn(1l)-
ATP system.’ The behavior of the EPR data displayed in
Figure 1 and of all the other experimental EPR measurements
which we performed on the system (intensity and line broad-



Tiezzi et al. | Analysis of the Metal-ATP Interaction

Ty |
Tighe: !

A

« » T,

T30 330 » 1530 0 - 2510
catel

(13D}

Figure 2. 7\,~" and 755! of water protons at pH 4 vs. [ATP]/[Mn2+]
molar ratios.

Table I. NMR Relaxation Rates of a Mn(II)~-ATP Complex in
Aqueous Solution

exchange
conditions
atrt (pH paramagnetic further
nucleus 7) contribution remarks
'H Tim>»mm Tip™'=  (fTp)™ ' =~ (fTyp)™!
(li- STiv™!
gand)
Tom>» ™™ Top7'=  dipolar contribution only or an
SfTom™! equal small scalar
contribution
'H TiM > ™ Tlp—I = (lep)—l « (fTZP)—I
(water) STim™!
Tom>» v Ty~ ' = T, dipolar only
STav™!
T,p™! scalar only
at pH 4 (fT1p)~" = (fTyp) 7!
IP rm>» Tim (fTip)~' = exchange controlled relaxation
(fTyp)~! rates; kinetic information is
=T™ possible
™ > Tam
I3C T]M > ™ T]P—I = (lep)—l < (fTZP)—I
STim™!
Tom» v Typ™'= T, dipolar only
STam™!

Ty~ ! scalar only

ening) definitely points out the existence of outer-sphere
species, according to the Eigen-Tamm scheme.>-16.17

The solvent and ligand dynamics beyond the first solvation
shell give rise to small distortion of the crystal field symmetry
which results in EPR line broadening. Outer sphere species
display typical 7, values which are shorter by one order of
magnitude with respect to that of the hexaaquoion.

The dynamic model resulting from EPR data allows a
suitable nuclear relaxation rates analysis. Namely, T';,~! and
T2, measurements can be performed in various experimental
conditions both for the solvent and ligand molecules.

Figure 2 shows the paramagnetic contributions to water
protons at various 5-ATP concentrations at pH 4. It is ap-
parent that before 5-ATP addition 71,7! > T,,™! which re-
flects a dipolar mechanism for T'; relaxation and a scalar one
for T,. The presence of ligand molecules results in Typ™!
lowering and T',~! increasing in such a way that at high
ATP/Mn(ll) ratios the paramagnetic contributions appear
to be almost identical. These findings can be explained by a
scalar contribution to 7',~" which becomes progressively more
important as a consequence of complex species formation
which displays a 7, value such that w,rs < 1, whereas the Typ!
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lowering reflects the displacement of water molecules from the
coordination sphere.

The same behavior is displayed at pH 7 even if it is less re-
markable and no T'|,~! increasing is observed (Figure 3).

Different information can be obtained from nuclear relax-
ation rates analysis on ligand molecules. Figure 4 reports the
spin-lattice relaxation rates of the H(8) and H(2) protons in
the Mn(II)-ATP system at various temperatures. It may be
seen that H(8) is in the fast exchange region till 300 K whereas
the H(2) proton is always under fast exchange conditions.

Furthermore, it is possible to compare results with (fT,) ™"
values reported in the literature.* A T,/ T, ratio longer than
1.17 is apparent so that a scalar contribution to 7,~! can also
be suggested in these cases.!8

The engagement of the theoretical model implies a severe
criticism on nuclear relaxation rates analysis because 7, dis-
tribution may result in a random scalar contribution to nuclear
relaxation, giving to misleading inferences. A reinvestigation
of NMR data is therefore required, as shown in Table I. An
inspection of the relative magnitudes of paramagnetic con-
tributions suggests that 13C NMR data are only conclusive
from the structural point of view.
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In fact, the (fT,)™' <« (fT2,)~" condition (only dipolar
contribution to 7 and only scalar contribution to 7%) holds
only for 13C nuclear relaxation as far as the ligand is concerned
(Table I). On these bases a comparative analysis of !3C nuclear
relaxation rates? is more suitable in demonstrating the N(7)
involvement in metal binding. Moreover, the selective broad-
ening of the C(5), C(8), and C(4) peaks of ATP, due to purely
scalar contribution, points out the direct metal-N(7) bond.!3
These findings are further supported by recent pulsed EPR
results.!®

As conclusive remarks, combined EPR and NMR analysis
is very important whenever the binding of large molecules is
investigated. Since the manganous ion is widely used as a re-
laxation paramagnetic probe in biological systems, the fol-
lowing findings must be emphasized: (i) the relevance of
outer-sphere species; (ii) the theoretical model for electron spin
relaxation which points out the rotational mechanism with its
own temperature dependence; and (iii) the existence of several
75 values which may differ from each other by orders of mag-
nitude, leading to more complicated nuclear relaxation be-
havior and to a competition with 7.
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Abstract; Treatment of silicon or gallium arsenide with the refluxing vapors of 3-aminopropyltriethoxysilane in toluene or xy-
lene solution results in a strictly monolayer coverage of the surface with aminopropylsilyl groups. Electron microscopy indi-
cates that these conditions avoid the formation of polymeric globules whose presence is characteristic when the substrate is im-
mersed in the treating solution. Ellipsometric measurement of the thickness change upon reversible adsorption of dodecyl sul-
fate anions indicates a closely packed layer of extended hydrocarbon chains. This implies that the coverage of the semiconduc-
tor surface with the underlying aminopropyl groups is essentially complete. Neither the rate of the silane attachment reaction
nor the rate of hydrolysis is strongly affected by the doping level of the semiconductor. Reactions of the amino groups allow
bonding of a variety of organic molecules to the surface. Particularly facile are (a) carbodiimide coupling of carboxylic acids,
(b) conversion of the surface to a strongly acidic one, and (c) conversion of surface amino groups to isothiocyanate followed

by coupling to primary amines.

Reactions of organosilanes with hydroxyl-bearing sur-
faces have found use in several diverse areas. Linking of mol-
ecules of biochemical interest to porous glass, for the purposes
of affinity chromatography and enzyme immobilization, have
received a great deal of attention.2-4 The oldest and most
widespread use is in promoting the adhesion of polymers to
fiberglass.>-7 More recent interest has centered on electrode
modifications, -9 catalysis,!®!! and adhesion promotion in
electronic microcircuit processing.'?

We have investigated some monolayer reactions of orga-
nosilanes on surfaces of elemental silicon. One motivation for
this was to provide methods for the preparation of chemical
systems that can yield information about the interaction be-
tween electronic levels of various attached organic moieties and
the electronic bands of the semiconductor. Desirable organic
moieties would be those that have strong acceptor or donor
properties, or carry a permanent ionic charge. Such an inter-
action, at least in principle, could lead to utilization in solar
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cells and other semiconductor devices. The reaction of orga-
nosilanes on elemental silicon substrates, however, also pro-
vides an important and convenient model system for most of
the diversely used silanation reactions referred to above. As
is well known,!3 freshly etched silicon exposed to air at room
temperature is rapidly covered by a thin, coherent oxide layer
whose logarithmic rate of growth ensures that in the experi-
mentally accesible time period (1 min to 1 year) the thickness
remains in a convenient range (0.5 to 2.5 nm). One expects that
the chemical properties of this oxide are not grossly different
from bulk silica while it is thin enough to permit tunneling of
electrons and thus avoid charging up of the surface in electron
microscopy or spectroscopies. The model system is thus free
from the disadvantage inherent in fibrous and porous silica or
glass substrates whose insulating nature interferes with the
utilization of some of the more sophisticated surface analytical
techniques. Furthermore, the reflectivity of the underlying
silicon substrate allows the use of ellipsometry for the precise
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